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Summary 
1. The far-reaching impacts of livestock grazing in terrestrial grasslands are widely 
appreciated, but how livestock affect the structure and functions of sensitive coastal 
ecosystems has hitherto lacked synthesis. Grazing-induced changes in salt marshes have the 
potential to alter the provision of valuable ecosystem services, such as coastal protection, 
blue carbon and biodiversity conservation. 
2. To investigate how livestock alter soil, vegetation and faunal properties in salt marshes, we 
conducted a global meta-analysis of ungulate grazer impacts on commonly measured 
ecosystem properties (498 individual responses from 89 studies). We also tested stocking 
density, grazing duration, grazer identity, and continent and vegetation type as potential 
modifiers of the grazing effect. The majority of studies were conducted in Europe (75) or the 
Americas (12), and investigated cattle (43) or sheep (22) grazing.  
3. All measures of aboveground plant material (height, cover, aboveground biomass, litter) 
were decreased by grazing, potentially impairing coastal protection through diminished wave 
attenuation.  
4. Soil carbon was reduced by grazing in American, but not European marshes, indicating a 
trade-off with climate regulation that varies geographically. Additionally, grazing increased 
soil bulk density, salinity and daytime temperature, and reduced redox potential.   
5. Biodiversity responses depended on focal group, with positive effects of grazing on 
vegetation species richness, but negative effects on invertebrate richness. Grazing reduced the 
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abundance of herbivorous invertebrates, which may affect fish and crustaceans that feed in 
the marsh. Overall vertebrate abundance was not affected, but there was provisional evidence 
for increases over a longer duration of grazing, potentially increasing birdwatching and 
wildfowling opportunities. 
6. Synthesis and applications.  Our results reveal that the use of salt marshes for livestock 
production affects multiple ecosystem properties, creating trade-offs and synergies with other 
ecosystem services. Grazing leads to reductions in blue carbon in the Americas but not in 
Europe. Grazing may compromise coastal protection and the provision of a nursery habitat 
for fish while creating provisioning and cultural benefits through increased wildfowl 
abundance. These findings can inform salt marsh grazing management, based on local 
context and desired ecosystem services.  
 
Keywords: biodiversity, blue carbon, cattle, coastal protection, ecosystem service trade-offs, 
grasslands, horses, sheep, soil, vegetation 
 
Introduction 
Livestock are grazed in semi-wild rangelands throughout the world. In terrestrial systems, 
their impacts on biodiversity and ecosystem properties are now well-established (e.g. 
Tanentzap & Coomes 2012; Alkemade et al. 2013; Daskin & Pringle 2016), together with the 
determinants of these impacts such as grazer density, type and plant composition (O’Rourke 
& Kramm 2012; McSherry & Ritchie 2013). However, livestock are also widely grazed in 
salt marshes – halophytic grasslands distributed along the world’s wave-sheltered temperate 
shorelines – which may respond differently due to their distinct soil properties (e.g. higher 
salinity, lower redox potential), environmental stressors (tidal flooding) and plant 
communities. Although many empirical studies have measured livestock impacts in salt 
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marshes, a comprehensive synthesis of these studies is currently lacking. Salt marshes are 
widely recognised for the value of their Ecosystem Services (ES) (Costanza et al. 1997; 
Barbier et al. 2011), but have suffered large losses in extent and are subject to multiple 
anthropogenic threats (Gedan, Silliman & Bertness 2009). As such, it is vital that remaining 
areas of salt marsh are managed sensitively to maximise their ES value.  
 
The Millennium Ecosystem Assessment categorises ES as provisioning, regulating, cultural 
and supporting services (MA 2005). Salt marshes yield several provisioning services by 
supplying pastureland for domestic livestock and habitat for wild foods such as Salicornia, 
wildfowl, fish and crustaceans (Jones et al. 2011). Salt marshes also supply regulating 
services that help mitigate climate change and other anthropogenic impacts: they supply long-
term carbon storage known as ‘blue carbon’ (Mcleod et al. 2011), offer coastal protection 
from extreme weather events (Costanza et al. 2008) and filter nutrients and pollutants from 
terrestrial run-off (Ribeiro & Mucha 2011; Alldred & Baines 2016). The cultural services of 
salt marshes are many and varied: they attract bird-watchers and walkers, offer artistic 
inspiration, aesthetic beauty and educational opportunities (Jones et al. 2011). Supporting 
services such as primary production, nutrient cycling, soil formation and biodiversity underly 
the production of all other services, and the unique characteristics of the salt marsh 
environment can enhance these services. For example, salt marshes have high primary 
productivity as they are unshaded and nutrients are replenished through tidal flooding (Mitsch 
& Gosselink 2000), underpinning their value as grazing land. The anaerobic conditions in salt 
marsh soils results in less efficient decomposition, maximising their usefulness for long-term 
carbon storage (Chmura 2009). Additionally, salt marshes provide a unique habitat for 
wildlife, supporting abundant and diverse biota (BRIG 2008; Wiest et al. 2016), from which 
much of their cultural value is derived.  
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Livestock pasturage is the most common resource use of salt marshes (Gedan, Silliman & 
Bertness 2009). European marshes have been grazed by domestic ungulates since pre-historic 
times (Barr & Bell 2016) and are still widely grazed today (Dijkema 1990), with salt marsh 
meat obtaining a higher market value than standard products (Jones et al. 2011). However, in 
some areas, management authorities have excluded livestock for conservation purposes 
(Bakker, Bos & De Vries 2003). In China, many marshes are intensively grazed (Greenberg 
et al. 2014), as are those in South America, although here too there is pressure to stop grazing 
within conservation areas (Costa, Iribarne & Farina 2009). In North America, salt marsh 
grazing is less common (Yu & Chmura 2010), but at several sites there are concerns over the 
effects of uncontrolled grazing by feral horse populations (Turner 1988; Taggart 2008). 
 
Large grazers alter the biophysical structures and processes of an environment (ecosystem 
properties, EPs) via trampling, removal of vegetation, and defecation. These alterations will 
drive changes in ecosystem functioning, with consequences for the provision of ecosystem 
services (Haines-Young & Potschin 2010). For example, direct removal of plant material, and 
direct and indirect effects on biogeochemical cycling can lead to reduced storage of carbon in 
soils, diminishing the service of climate regulation (Tanentzap & Coomes 2012). These 
cascading effects enable EPs to be used as indicators for ES provision in the absence of direct 
measurements of services (Van Oudenhoven et al. 2012). A recent synthesis showed 
livestock grazing affects salt marsh vegetation properties (He & Silliman 2016). However, 
equivalent syntheses of grazer effects on belowground properties and faunal biodiversity in 
salt marshes are missing. To understand how salt marshes and their ES are affected by 
grazing, it is necessary to analyse a broad range of EPs, and explore how management 
decisions and other contextual variables will moderate these effects.  
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Research from terrestrial rangelands has demonstrated that the direction and strength of 
livestock effects on ecosystem properties is moderated by variables relating to grazing 
management, such as stocking density and grazer species (Rook et al. 2004; Stewart & Pullin 
2008; Paz-Kagan et al. 2016). Other local contextual variables such as climate, soil type and 
vegetation can moderate the impact of herbivory (e.g. He & Silliman 2016). European and 
American marshes differ in their soil formation (mainly derived from mineral deposits vs 
mainly derived from organic material, respectively) and vegetation (high diversity vs low 
diversity) characteristics (Cattrijsse & Hampel 2006; Bakker et al. 2015), which may cause 
grazing responses to vary between these continents. European salt marsh vegetation consists 
of taxa from diverse lineages, with attendant diversity of traits, which may drive differential 
responses to grazing, depending on the dominating species. For example, grasses are 
generally more tolerant of grazing than forbs, due to the location of their growing regions 
(Briske & Richards, 1995). Similarly, faunal responses may be moderated by trophic level 
and clade. Herbivorous invertebrates are likely to suffer most strongly from livestock grazing, 
as they are in direct competition for the plant biomass (Tscharntke 1997). Conversely, 
grazing wildfowl are likely to benefit, as they favour nutritious, young plant shoots (Lambert 
2000).  
 
Here, we conduct a global systematic review and meta-analysis of the effects of ungulate 
grazers on salt marsh EPs. We analyse 498 responses from 89 studies to identify significant 
changes in a suite of soil, vegetation and faunal properties. We hypothesise that these 
responses are moderated by stocking density, grazing duration, grazer identity, continent, 
vegetation type and faunal functional group. We show that grazing alters 11 out of the 21 EPs 
tested, and that grazing effects are dependent upon the nature of grazing, geography and 
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vegetation. We use the observed responses to predict how salt marsh grazing impacts on 
ecosystem functioning and service provision. 
 
Materials and methods 
STUDY SELECTION AND DATA EXTRACTION 
 We comprehensively searched published literature using standard techniques (detailed in 
Supporting Information Appendix S1). For inclusion, studies must have measured an EP on a 
grazed and ungrazed area of salt marsh. Only ungulate grazers (hereafter ‘livestock’) were 
considered. Both observational and experimental studies were included, as were those that 
replicated the effects of livestock by clipping or trampling.  
 
From the figures, tables and text of each study we extracted grazed and ungrazed means, 
sample sizes and measures of variance (standard deviation, SD; standard error, SE; 95% 
confidence intervals, CI) for each EP. The results sections were also scanned for descriptions 
of changes induced by grazing, even if no mean values were provided. Often, multiple EPs 
were measured per study, thereby generating multiple grazing outcomes (hereafter referred to 
as ‘entries’). In total, 498 entries for 29 properties were extracted from the 89 included 
studies (Table S1). 
 
Where possible, study-specific variables were extracted for each entry (detailed fully in 
Appendix S1). Potential moderating variables relating to grazing management were recorded: 
stocking density (converted to a common metric of livestock units per hectare, LSU/ha), 
grazer species and grazing duration (time in years since introduction/removal of grazers). The 
dominant vegetation in grazed and ungrazed plots was classified as Spartina, other 
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graminoids or forbs. Marsh zone and sediment type were also noted, but were not tested as 
potential moderators due to a lack of data.  
 
DATA ANALYSIS 
The data were analysed using three different approaches. (1) A weighted meta-analysis, by 
inverse of variance (Hedges & Olkin 1985), was used to calculate an overall average effect of 
grazing for every EP that had mean and variance values from ≥3 separate publications. (2) A 
coded meta-analysis (Evans, Cherrett & Pemsl 2011) was used to visually summarise all 
extracted grazing responses, including those that reported only a qualitative description, or 
reported means without sample size and variances. While only semi-quantitative, due to its 
inclusiveness, this method provides a wider overview of all studies investigating grazer 
effects. (3) For all EPs with ≥10 entries, linear regression models were used to investigate 
potential moderators for their influence on the effect of grazing. To increase sample sizes, 
these meta-regressions were unweighted, allowing entries without a reported variance to be 
included.  
 
1. Weighted meta-analysis 
For each individual entry, the effect size of grazing treatment was quantified as the log 
Response Ratio (lnRR) of the mean of the grazed group (   ) against the mean of the 
ungrazed group (   ) 
       
      
      
                             [Eqn. 1] 
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The variance for each entry was then calculated as  
    
   
 
     
  
   
 
     
         [Eqn. 2] 
Where    = SD of grazed group,    = SD of ungrazed group,   = sample size of grazed 
group,   = sample size of ungrazed group and             or        
  
    
 . 
 
When the SD could not be derived from the publication, the variance was estimated as 
          
     
    
   
     
        
    (Hedges & Olkin 1985).   [Eqn. 3] 
 
For each EP, a random-effects, multilevel linear model was used to combine individual effect 
sizes to estimate an overall mean effect with 95% CI. Models were fitted with a restricted 
maximum likelihood (REML) structure using the rma.mv function within the metafor 
package (Viechtbauer 2010) in R. Study (i.e. publication) nested within Site was included as 
a random factor to account for non-independence of multiple entries extracted from the same 
study, and multiple studies conducted at the same site. In addition, we examined funnel plots 
to assess publication bias (Sterne & Egger 2001).  
 
2. Coded meta-analysis 
Entries were coded by the direction and significance of the effect of grazing as causing a 
statistically significant (P≤0.05) increase in the EP, an increase, no change, a decrease, or a 
statistically significant decrease. Entries were coded as no change when the difference 
between the grazed and ungrazed means was not significant and <2%. P-values were not 
always reported, therefore some changes may be recorded as not significant while actually 
being statistically significant.  
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3. Regression analyses 
To assess potential moderators of the grazing effect, linear, mixed-effect meta-regressions 
were conducted to test whether stocking density (LSU/ha), grazing duration (years), grazer 
identity (sheep; cattle, including water buffalo; mixed species; other), or continent (America; 
Europe) had a significant effect on the lnRR of that EP. Within European studies only, 
vegetation type (graminoid-dominant; forb-dominant) was also tested. Spartina spp. were 
excluded from the graminoid category due to physiological differences (C4 vs C3 
photosynthesis; Osborne et al. 2014) and habitat preference (Spartina are pioneer species 
found at the seaward edge of European marshes; Bakker et al. 2015). There were insufficient 
European Spartina replicates (3 studies) to treat it as a separate category, so this vegetation 
type was not analysed. Because grazing can alter the plant community composition (de Vlas 
et al. 2013), vegetation type was only included when it was consistent across grazed and 
ungrazed plots, to allow it to be treated as a predictor of grazing effects, rather than a 
response to grazing.  
 
There were missing values for each moderator, and frequent collinearity of moderators; as 
such, each potential moderator was tested for significance in separate models and P-values 
were adjusted for multiple comparisons within that EP using the False Discovery Rate (FDR, 
Benjamini and Hochberg 1995). Unadjusted P-values were also examined, to gain insight 
into moderators that may potentially be important. All models had Study nested within Site as 
a random effect. For the EPs of invertebrate abundance and vertebrate abundance, functional 
group (benthos, detritivore, herbivore, predator; goose, passerine, wader, hare, fish 
respectively) was included as a random term in each model, to control for varying responses 
by each group. We also tested functional group as a fixed term in separate models. The 
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majority of studies were conducted at stocking density 0-2.0 LSU/ha, but two studies were 
conducted at 7.5 and 12 LSU/ha respectively. Similarly, all studies had a duration of 0.1-100 
years, except a single study reporting 210 years of grazing. In these cases, models were run 
with these outliers (>3 SD from the mean) included and excluded, to determine whether this 
changed the result. Predictions were only conducted using the models that excluded the 
outliers, so that these unusual observations did not exert undue influence on the outcomes.  
 
Models were fitted with a REML structure using the lmer function within the lme4 package 
(Bates et al. 2015) in R. Visual checks of residual plots were used to confirm model residuals 
met assumptions of normality and heteroscedasticity (Pardoe 2012). Model predictions were 
made using the predictInterval command in the merTools package (Knowles & Frederick 
2016) with 1000 simulations, for an unspecified Site and Study. This analysis resamples from 
the normal distribution of the fixed coefficients, incorporating residual variation to simulate 
new predictions, and returning a mean prediction and 95% prediction intervals (PI). All 
analyses were performed using R statistical software version 3.1.2 (R Core Team 2014). 
 
Results 
The majority of the 89 studies included were conducted in Europe and over 30% originated 
from a single country – the Netherlands (Fig. 1a). A variety of grazers were investigated: 
cattle, sheep, horses, deer and water buffalo, with cattle being most common (Fig. 1b). 
Several manipulative study designs were used (installation of exclosures/enclosures, artificial 
replication by clipping and trampling, before/after comparison, laboratory study), but over 
half of the studies were observational (Fig. 1c). The duration of grazing ranged from short-
term 4-week exclosure experiments, to observational studies in marshes grazed for over 200 
years.  
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1. WEIGHTED META-ANALYSIS FOR MEAN EFFECTS OF LIVESTOCK GRAZING 
We found that livestock grazing affected 11 of the 21 EPs tested, spanning soil, vegetation 
and faunal response variables (Fig. 2, Table S2). Grazing significantly altered four of seven 
soil variables: increasing soil bulk density, salinity and daytime temperature, and decreasing 
redox potential. Mean accretion rate, soil carbon content and pH were all unaffected. Grazing 
also significantly affected five of seven vegetation responses: increasing species richness 
while reducing aboveground biomass (AGB), cover, canopy height and litter biomass. There 
was no effect on belowground biomass (BGB) or plant nitrogen content. Grazing was 
associated with a significant reduction in invertebrate richness, but did not affect vertebrate or 
total invertebrate abundance. However, when invertebrate abundance data were analysed by 
functional group, herbivore abundance was significantly reduced by grazing. The majority of 
the vertebrate data were extracted from studies on bird abundance (85% of entries) and goose 
abundance in particular (62%). When goose abundance was analysed separately, the mean 
effect was positive, but not significant.  
 
The ability to detect reporting bias is limited with smaller sample sizes (Sedgwick 2013), but 
for most properties, no bias was evident from visual assessment of funnel plots (Fig. S1). The 
exceptions were redox potential, plant cover and plant richness, all of which indicated bias 
towards reporting of negative effects in smaller, less precise studies (those with a larger 
standard error). This indicates that the true effects on redox, cover and plant richness may be 
more positive than our calculated values. Exclusion of ‘artificial replication’ entries did not 
alter the direction or significance of the grazing effect for any EP.   
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2. CODED META-ANALYSIS OF ALL REPORTED OUTCOMES 
Results from the coded meta-analysis demonstrate that most EPs have displayed both positive 
and negative responses to grazing in different studies (Fig. S2). Generally, the balance of 
responses support the results produced by the weighted meta-analysis. However, the 
weighted meta-analysis for accretion (5 entries) showed no significant effect of grazing, 
whereas the coded meta-analysis reveals that 11 out of a total 13 entries for accretion showed 
a negative effect of grazing. Additional patterns were revealed for EPs that could not be 
analysed statistically in the weighted meta-analysis. Grazing had predominantly negative 
effects on flowering (8 out of 8 entries) and fish richness/abundance (3 out of 3), but had 
positive effects on stem density (5 out of 6) and hare abundance (2 out of 2). Grazing had 
generally positive effects on wader abundance (8 out of 12) but negative effects on wader 
nest survival (3 out of 3). 
 
3. WHAT MODERATES THE EFFECT OF GRAZING? 
Regression analyses adjusted for multiple comparisons 
Two moderators that significantly influenced the outcome of grazing were highlighted using 
linear regression analyses with adjusted P-values (Table 1). Continent moderated the effect of 
grazing on soil carbon: grazing is predicted to reduce soil carbon in American marshes but 
slightly (non-significantly) increase soil carbon in European marshes (Fig. 3a). Stocking 
density moderated the effect on canopy height: a higher density of livestock more strongly 
reduced canopy height (Fig. 3b).  
 
Unadjusted analyses  
Examination of unadjusted P-values allowed the identification of other, potentially important 
moderators (Table 1), although these results were considered less robust. The effect of 
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grazing management (stocking density, duration and type of grazer) was significant for five 
EPs (Fig. S3). Increased stocking density reduced soil salinity and aboveground biomass. 
Increased grazing duration led to increased vertebrate abundance. Additionally, a positive 
effect of grazing on BGB was stronger for cattle relative to sheep or a mixture of domestic 
grazers. For the BGB subset of data, the cattle studies were conducted at a lower stocking 
density than the sheep or mixture studies, so this result could be an artefact of stocking 
density (although stocking density was not found to be a significant moderator for BGB when 
analysed directly). Within European studies, the dominant vegetation type was a significant 
moderator for two EPs (Fig. S4): areas dominated by forbs experienced larger reductions in 
percentage cover and species richness than areas dominated by graminoids.  
 
Discussion 
We have synthesised four decades of individual studies to highlight key salt marsh properties 
affected by livestock grazing, including increased plant richness, reduced invertebrate 
richness and herbivorous invertebrate abundance, reductions in plant material and altered soil 
conditions. We have also identified previously unappreciated moderating variables that alter 
the strength or direction of these responses, including an effect of continent on soil carbon 
and, provisionally, an effect of grazing duration on vertebrate abundance. The findings are 
applicable to predicting how grazing affects ecosystem functioning and service provision in 
salt marsh landscapes (see Fig. 4 for conceptual diagram).   
 
FROM ECOSYSTEM PROPERTIES TO ECOSYSTEM SERVICES 
Species richness, soil properties and supporting services 
Biodiversity supports many services and high biodiversity appears to promote ecosystem 
stability and resilience (Seddon et al. 2016). Extensive grazing is often used as a management 
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method to maintain grassland diversity, as the removal of plant biomass prevents highly 
competitive species from becoming dominant (WallisDeVries, Bakker & Van Wieren, 1998). 
Our results reveal that grazing is generally beneficial to salt marsh plant richness (Fig. 2). 
However, biodiversity responses were inconsistent: provisional results indicate that increases 
in richness are only achieved in graminoid-dominated plots (Fig. S4b). Moreover, the overall 
increase in plant richness was offset by reductions in invertebrate richness and herbivorous 
invertebrate abundance (Fig. 2). These results confirm that responses to land management 
vary among taxa, and plant richness cannot be used as a broad indicator of biodiversity (Hess 
et al. 2006).  
 
Altered soil conditions can drive changes to biotic communities and their functioning, 
affecting supporting services such as nutrient cycling (Wichern, Wichern & Joergensen 2006; 
Husson 2013). Soil bulk density, daytime temperature and salinity all increased with grazing, 
while redox potential decreased (Fig. 2). The increase in bulk density is expected as a direct 
effect of trampling by large herbivores (Southorn & Cattle 2004; Bell et al. 2011) and this 
leads to decreased oxygen diffusion and more reduced conditions (Husson 2013). An increase 
in soil temperature is widely reported from other grazed systems (e.g. van der Wal, van 
Lieshout & Loonen 2001) as a result of reduced shading, compacted soil and anaerobic 
respiration. Increased evaporation from warmer, unshaded soils will lead to the observed 
increase in salinity. Evidence of how these effects will manifest and interact in salt marshes is 
lacking, and direct measurements of ecosystem functioning are needed to disentangle their 
mechanisms. Some studies have begun to address grazer impacts on salt marsh 
biogeochemical cycles (e.g. Olsen et al. 2011; Ford et al. 2012; Schrama et al. 2013), 
although there were insufficient data to combine in our meta-analysis.  
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Soil formation in a salt marsh occurs by accumulation of sediment and plant biomass, and 
allows marshes to accrete vertically in response to rising sea-levels (Bakker et al. 2016; Boyd 
& Sommerfield 2016). Our analyses revealed that grazers compact the sediment and reduce 
aboveground biomass, but this did not translate into a significant overall reduction in 
accretion rates (Fig. 2). This may be because grazer-driven compaction increases the strength 
of the soil, making it more resistant to erosion (Ghebreiyessus et al. 1994). There is also 
evidence from salt marshes that increased plant richness improves sediment stability (Ford et 
al. 2016). Therefore grazers may directly and indirectly stabilise the marsh surface and 
protect against lateral and horizontal erosion. However, accretion rates are highly context-
dependent, driven by local factors such as sediment input (Bakker et al. 2016), which may 
mask the effects of grazing in some studies. In light of the results of our coded meta-analysis 
(11 out of 13 entries presented negative results for accretion), we recommend further research 
on the mechanisms and context-dependency of livestock-impacts, as reduced capacity for 
vertical accretion could lead to submergence under rising seas with concomitant loss in the 
provision of all services. 
 
Soil carbon and climate regulation 
In salt marshes, the majority of the carbon stock is stored as soil organic carbon (Murray et 
al. 2011), so reductions in aboveground biomass are of limited relevance when assessing this 
service. Overall, soil carbon content was not affected by livestock grazing. However, our 
analysis revealed that the impact of grazing varied geographically; grazing was found to 
reduce soil carbon in American marshes, with no consistent effect in the European studies 
which dominated the dataset (Fig. 3). A range of factors could be driving this geographical 
effect. Reductions in plant material are likely to have a stronger impact on soil quality in 
organogenic American marshes compared to minerogenic European marshes, where sediment 
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supply will have a stronger effect (Bakker et al. 2015). Moreover, soils in American marshes 
may be more easily degraded by livestock due to more frequent flooding and a lower stem 
density compared to European marshes (Cattrijsse & Hampel 2006). American marshes tend 
to be dominated by Spartina spp., a favoured food plant of livestock (Furbish & Albano 
1994), whereas European marshes have a higher floral diversity (Cattrijsse & Hampel 2006), 
which may confer an increased capacity for grazing resistance (Callaway et al. 2005). The 
aerial extent of American marshes is an order of magnitude higher than that of European 
marshes (Ouyang & Lee 2014). Therefore a negative impact of grazing on soil carbon has 
potential consequences for global storage of ‘blue carbon’. Comparative studies in American 
and European Spartina marshes are needed to determine the variables and mechanisms 
driving grazer impacts on soil carbon.   
 
Vegetation and coastal protection 
Vegetated coastal regions reduce wave energy more effectively than bare mudflats (Möller et 
al. 1999; Shepard, Crain & Beck 2011), with tall, denser vegetation being most effective 
(Möller et al. 2014; Paul et al. 2016). Unsurprisingly, aboveground biomass, canopy height 
and cover were reduced in the presence of livestock, with a general trend of stronger effects 
at higher stocking density or duration of grazing (Fig. 3b, Fig. S3) and within forb-dominated 
plots (Fig. S4a). These alterations could lead to reduced wave attenuation in a grazed salt 
marsh. However, geomorphological characteristics, such as lateral expanse and slope, 
contribute significantly to wave height reduction (Shepard et al. 2011; van Loon-Steensma & 
Vellinga 2013). Therefore, the impact of grazing must be considered alongside these known 
determinants of wave attenuation. Considering the high value of the coastal protection service 
offered by salt marshes (Costanza et al. 2008), it is worthwhile addressing this grazer effects 
on wave attenuation through direct field measurements, laboratory study and modelling.  
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Species abundance and provisioning services 
Provisional results show that vertebrate abundance (predominantly geese) increased with 
grazing duration (Fig. S3d), indicating that livestock grazing supports the provision of 
vertebrate prey for wildfowlers. The benefit of longer-term grazing is probably due to the 
site-fidelity exhibited by migratory birds (Hestbeck, Nichols, & Malecki 1991). However, 
there are indications of a trade-off with fish populations, as the three fish studies included in 
the coded meta-analysis presented negative outcomes of grazing. Decreased herbivorous 
invertebrate abundance (Fig. 2) reduces food resources for juvenile fish and crustaceans, 
while decreased cover (Fig. 2) reduces the shelter value of salt marshes (Levin et al. 2002; 
Colclough et al. 2005; Kritzer et al. 2016). These effects are likely to be more important in 
North America than Europe, where marshes are larger and play a greater role as nursery 
habitat for commercially important fish and crustaceans (reviewed by Cattrijsse & Hampel 
2006). 
 
Cultural services 
In ES research, cultural services are often undervalued or left out altogether, as they are 
difficult to quantify and are interlinked with both provisioning and regulating services (Chan 
et al. 2016). The present evidence on how grazing alters EPs nevertheless informs an 
assessment of cultural services.  The provision of optimal wildfowl habitat will promote the 
conservation of charismatic species and attract birdwatchers (Green & Elmberg 2014). Not 
all cultural services are likely to benefit from grazing. The presence of livestock may impede 
access to the marsh, and could alter aesthetic appreciation through changes to floral diversity 
and abundance (Clay & Daniel 2000; Ryan 2011). Conversely, the livestock themselves can 
act as a tourist attraction and point of interest (van Zanten et al. 2016). Further 
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interdisciplinary research is necessary to assess how appreciation and use of the salt marsh 
environment may be enhanced or degraded by the presence of grazers. 
 
EVIDENCE GAPS 
These analyses were dominated by European studies. Only one EP (soil carbon) displayed a 
significantly different response in American marshes. However, there was limited power to 
detect effects across continents due to the small number of American studies. Additionally, 
no Australian studies and only one Chinese study were included in this review, despite these 
countries harbouring a large proportion of the global extent of salt marshes (Ouyang & Lee 
2014). Addressing this evidence gap would lead to a more globally representative 
understanding of livestock grazing impacts in salt marshes. 
 
Due to collinearity of some moderators, and incomplete reporting of study-specific 
information, we were unable to test for several potentially important moderators (e.g. marsh 
zone, soil type), nor could we test for interactions between moderators. We did not analyse 
the effect of plot scale, although this can influence species richness responses in salt marshes 
(Wanner et al. 2014). We were also unable to assess certain services, such as pollution 
control and water quality regulation - among the most important services provided by salt 
marshes (Environment Agency 2007) - and recommend that future work investigate how 
grazing affects bioremediation in salt marshes. We have used ecosystem properties to inform 
an assessment of livestock impacts on ES provision, but the links between properties, 
functions and services are not fully understood. Future research to gain a more mechanistic 
understanding would facilitate quantitative predictions of the impacts of livestock grazing on 
ES provision.  
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CONCLUSIONS AND MANAGEMENT IMPLICATIONS 
We have conducted the first meta-analysis of the above- and below-ground effects of 
livestock grazing in a salt marsh, identifying key patterns that can be used to inform 
management and direct future research. Reductions in plant biomass, height and cover will 
diminish coastal defence through reduced wave attenuation, therefore grazing should be 
carefully managed in salt marshes fronting coastal structures at risk from storm surges. In 
general, European marshes can be grazed without compromising their blue carbon value. 
However, we have presented evidence that grazing may impair carbon storage in American 
marshes. Species richness responses varied by taxa, therefore managers should not use plant 
richness as a proxy for overall richness. Grazing management for conservation is particularly 
important as the biodiversity of a salt marsh underpins many services. Ultimately, 
considering the high value of salt marsh ecosystem services, and the widespread use of these 
marshes for grazing purposes, further research into the nature of trade-offs and synergies 
between these services, especially in regions outside of Europe, is strongly recommended. 
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Tables and Figures 
 
Table 1. Moderators found to be significant (P<0.05) in regression analyses. n(N) = number 
of entries (number of studies); df, F and P show results of ANOVA; FDR-P = False 
Discovery Rate-adjusted P value; Marginal R
2
 = proportion of variance explained by fixed 
moderator. FDR-P values < 0.05 are highlighted in bold. Moderators: stocking density 
(‘LSU’; livestock units per hectare), duration of grazing at site (‘Duration’; years), grazer 
identity (‘Grazer’; artificial, cow, sheep, mixed, other), location of study (‘Continent’; 
America, Europe), dominant vegetation type in European studies (‘Vegetation’; forbs, 
graminoids). Functional group (‘FG’) was also tested for invertebrate abundance (benthic 
invertebrate, herbivore, predator, detritivore) and vertebrate abundance (goose, wader).  The 
following EPs were tested but had no significant moderators: bulk density*, redox*†‡, litter 
biomass*, nitrogen content*†‡, invertebrate abundance* and invertebrate richness. Full 
results of regression analyses, including conditional R
2 
values, model intercepts, estimates 
and standard errors are given in Table S3 
Ecosystem 
Property 
Moderator n(N) df F P FDR-P Marginal 
R2 
Soil carbon* Continent 27(16) 1,14.8 9.06 0.009 0.036 0.33 
Salinity* 
 
LSU 
 
14(7) 
 
1,11.0 
 
5.84 
 
0.034 
 
0.136 
 
0.33 
 
AGB LSU 
 
18(10) 
 
1,15.4 
 
7.76 
 
0.014 
 
0.070 
 
0.32 
 
BGB*‡ Grazer 
 
14(9) 
 
2,5.9 
 
6.25 
 
0.035 
 
0.105 
 
0.59 
 
Vegetation 
cover 
Vegetation 10(7) 1,3.3 9.87 
0.045 
0.225 0.21 
Canopy 
height‡ 
LSU 
Duration 
32(16) 
24(12) 
1,22.4 
1,6.6 
12.91 
6.28 
0.002 
0.043 
0.008 
0.086 
0.28 
0.22 
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Vegetation 
richness 
Vegetation 23(14) 1,21.0 5.05 
0.036 
0.180 0.19 
Vertebrate 
abundance* 
Duration 13(7) 1,6.5 5.79 
 
0.050 
 
0.250 
 
0.22 
 
* Vegetation not tested due to lack of data 
† LSU not tested 
‡ Continent not tested 
 
Fig. 1 Breakdown of the 89 studies by a) Continent and country (number of studies in 
brackets, some European studies encompassed >1 country); b) type of grazer; c) study design. 
 
Fig. 2 Weighted meta-analysis. Weighted mean effects (Log Response Ratio, lnRR) ±95% 
confidence intervals of livestock grazing on salt marsh properties. An lnRR >0 indicates a 
positive effect of grazing on that property, while an lnRR <0 indicates a negative effect of 
grazing. Effects are significant (P≤0.05) where confidence intervals do not intercept 0. 
Numbers above points represent number of entries (number of studies). See Table S2 for 
statistics. 
 
Fig. 3. Regression analyses. Effects of moderators found to be significant in FDR-corrected 
analyses. Predicted effects of a) Continent and b) stocking density on grazing outcomes, with 
95% Prediction Intervals. Different letters indicate categories are significantly different from 
each other. LSU/ha = livestock units per hectare (see Appendix S1 for calculation). 
 
Fig. 4 Conceptual diagram of how changes in ecosystem properties predict ecosystem service 
provision. Services categorised as supporting (S), regulating (R), provisioning (P) and 
cultural (C). Examples of studies demonstrating ecosystem property – service link are shown 
as: 
1
Husson 2013; 
2
Wichern, Wichern & Joergensen 2006; 
3
Mcleod et al. 2011; 
4
Möller et al. 
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2014; 
5
Paul et al. 2016; 
6
Levin et al. 2002; 
7
Cattrijsse & Hampel 2006; 
8
Green & Elmberg 
2014. *This result was not significant after correction for multiple comparisons. 
 
 
Supporting Information 
Supplementary material associated with this article can be found in the online version. 
Appendix S1. Supplementary methods. 
Table S1. Ecosystem properties investigated and list of data sources. 
Table S2. Full results of weighted meta-analysis. 
Table S3. Full results of regression analyses. 
Fig. S1. Forest plots and funnel plots for all EPs. 
Fig. S2. Results of coded meta-analysis. 
Fig. S3. Predicted moderating effects of stocking density, duration and identity of grazer 
(significant at P<0.05). 
Fig. S4. Predicted moderating effects of dominant vegetation in Europe (significant at 
P<0.05). 
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